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Abstract: This Essay explores consequences of a dark non-linear electromagnetic sector
in a Universe with a net dark charge for matter. The cosmological dynamics can be de-
scribed by a Lemaıˆtre model and understood thanks to a screening mechanism driven
by the electromagnetic non-linearities that suppress the dark force on small scales. Only
at low redshift, when the screening scale enters the Hubble horizon, do cosmological
structures commence to feel the dark repulsion. This repulsive force enhances the lo-
cal value of the Hubble constant, thus providing a promising scenario for solving the
Hubble tension. Remarkably, the dark electromagnetic interaction can have a crucial
impact on peculiar velocities, i.e. introducing a bias in their reconstruction methods,
and having the potential to explain the presence of a dark flow.
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1
2The predominant role played by gravity on the large scale dynamics of the Universe
finds its roots in its long-range character. Moreover, gravitation being universally at-
tractive, all masses contribute constructively to the gravitational interaction. The other
known long-range force, electromagnetism, behaves drastically differently and remains
marginal on cosmological scales as charges tend to neutralize in an uncharged Uni-
verse. This is the fundamental reason why only gravity matters for the evolution of the
Universe. However, the advent of dark energy has led to speculations on the existence
of additional long-range interactions that could play an important role in cosmology
and potentially account for the cosmic acceleration. A tension arises, however, because
no such interactions beyond the four fundamental forces has ever been detected in lab-
oratory, solar system experiments or in astrophysical systems like binary pulsars or in
the emission of GWs. In all cases, agreement with the predictions of GR is non-trivial as
these new putative interactions must exhibit screening mechanisms hiding them from
local gravity tests. Modern models equipped with such screening mechanisms have
been developed for scalar fields1. All in all, screening mechanisms have a very long
history and the first one ever is at the very heart of the non-linear Born-Infeld electro-
magnetism [1], built in the early 1930’s as a pre-quantum regularization of point-like
charges. Later in the 1980’s, the interest in this theory was revived as it appeared in
the low energy limit of open string theory [2]. In Born-Infeld electromagnetism, the
electric force is Maxwellian at distances larger than a given scale rs, but below such
a scale the force is strongly suppressed. It is now clear that the screening at work in
Born-Infeld electromagnetism is also shared by a broad class of non-linear electrody-
namics, see Table 1. A crucial difference between an interaction mediated by a scalar
and electromagnetism is that, while the former is always attractive, the latter leads to a
repulsive force for like charges. This will be fully exploited in the following.
Using a Newtonian cosmology approach2, that provides an accurate description of a
dust dominated Universe, we can easily include the effects of dark non-linear electro-
magnetism on the dynamics of the Universe. Let us consider an isotropic initial distri-
bution of equally charged particles with with a uniform density profile ρ⋆. We will also
assume isotropic initial velocities so the spherical symmetry is preserved throughout.
The equation of motion for the spherical shell at position R is3
R¨ = −GM(R)
R2
[
1− βF(R/rs)
]
(1)
with M(R) the mass enclosed within a sphere of radius R, β the relative strength (per
unit mass) of the additional force with respect to gravity and F(x) an interpolating
function with F(x ≫ 1) → 1 and F(x ≪ 1) → 0. This behavior captures in a phe-
nomenological manner the screened solutions for the dark force without resorting to
1We employ scalar field in a broad sense referring to e.g. a fundamental scalar field, a scalar
mode in higher dimensional scenarios, the helicity-0 mode of some higher spin field...
2See the insightful discussion in [3] and the rigorous analysis of the discretized approach to
Newtonian cosmology in [4].
3Spherical symmetry prevents magnetic fields even though there are moving charges, hence
no Lorentz force. The Poynting vector remains trivial and there is no electromagnetic radiation.
3Theory Lagrangian Function Screening scale
Born-Infeld LBI
Λ4e
= 1−
√
−det (ηµν + 1Λ2e Fµν
)
F(x) = 1√
1+x−4
rs =
1
Λe
√
Q
4pi
Quadratic L2 = − 14FµνFµν +
(
FµνF
µν
4Λ4
)2 [
1+ F(x)
x4
]
F(x) = 1 rs =
1
Λe
√
Q
4pi
Table 1. We give two specific examples of non-linear electromagnetism featuring a screening mecha-
nism. Accidentally, the screening scale coincides for these two theories, but the parametric scaling with
Q and Λe is universal. In general, a non-linear theory described by L = K(Y) with Y = − 14FµνFµν
generates an electric field for a charge Q determined by Gauss’ law: KY~E = Q4pir3~r. The electric force on
a particle of charge q is then ~Fe = q~E. Since we assume all particles to be equally charged, the charge
of a given shell is proportional to its mass and the screening radius scales as rs = λ
√
M, with λ some
constant. All the charges and proportionality constants are absorbed into the parameter β in (2).
.
any specific realization of the non-linear theory. In Table 1 we provide explicit exam-
ples (see [5] for more details).
Instead of using the Eulerian coordinate R(t), it is convenient to introduce the La-
grangian coordinate r = R(t⋆) at a given initial time t⋆ and define the scale factor
a(t, r) ≡ R(t)/r so we have
a¨ = −Gµ(t, r)
a2
[
1− βF(a/as)
]
(2)
with µ ≡ Mr−3 and as = rs/r. Since the screening radius scales with the mass as
rs = λ
√
M, we have that as = λ
√
µr. A central feature for the evolution is the shell
crossing condition. In the absence of shell crossing, the mass inside a given shell is
conserved and µ has the constant value
µ = µ(t⋆) = 4piρ⋆
∫
r<r⋆
r2dr
r3⋆
=
4piρ⋆
3
. (3)
All the dependence on r is then absorbed by F. In this situation, the phenomenology
can be easily understood in terms of the screening scale. Well below the screening scale
a ≪ as, we can neglect the dark interaction and we recover the usual result that the
shells evolve in a co-moving motion as in a dust dominated Universe. As the shells start
crossing their screening radii rs, self-similarity is broken and the co-moving motion
ceases, leading to an inhomogeneous density profile (see Animation 1).
We can find a first integral ofmotion corresponding to the energy function given by
E(r) =
1
2
a˙2 − 4piGρ⋆
3a
− U(a) (4)
4Figure 1. These plots show, in arbitrary units, the numerical solution for the shells without (left) and
with (right) shell crossing together with the (log) mass distribution (insets) for the initial time (upper)
and some subsequent time (lower). We have used a discretization with 20 shells and assigned an initial
mass to each shell consistent with a uniform profile so that Mi ∝ r
3
i (t⋆). The appearance of shell crossing
depends both on the force profile and the interaction strength. Since the inner shells exit their screening
scale earlier than the outer shells, the shell crossing is determined by how much faster the inner shells
expand due to the extra-repulsion before the outer shells cross their rs. We can corroborate how the mass
distribution in the left panels without shell crossing remains constant, while the right panels with shell
crossing present a change in the mass distribution as the shells cross. Interestingly, it is the very repulsive
nature of the force what can lead to shell crossing in the expanding phase. This cannot happen for models
with scalar fields due to their intrinsically attractive character.
with
dU(a)
da
=
4piGρ⋆
3a2
βF(a/as). (5)
5We can rewrite the energy equation in the more suggestive form
a˙2
a2
=
8piGρ⋆
3a3
+ 2
E(r⋆) + U(a)
a2
. (6)
We can then define the inhomogeneous Hubble factor H(t, r) = a˙/a that captures the
evolution of the distribution. It is now straightforward to understand how the Universe
evolves on different scales. Firstly, let us notice that the constant mode U0 = U0(r)
determined by boundary/initial conditions simply contributes to the inhomogeneous
spatial curvature k(r) ≡ E(r) + U0(r). The dynamical part can also be analyzed as
follows:
• On small scales F(a ≪ as) ≃ 0 so only the constant mode U0(r⋆) contributes.
A purely dust Universe with spatial curvature is recovered. On these scales, all
the dependence on r drops and we recover the comoving expansion.
• On scales outside the screening radius F(a ≫ as) ≃ 1 and we obtain the equa-
tion
H2(t, r) ≃ (1− β)8piGρ⋆
3a3
+ 2
E(r) + U0(r)
a2
. (7)
The redressedNewton constant can be equivalently attributed to the additional
electrostatic repulsion or to the inclusion of the negative electrostatic binding
energy in the total mass. As the crossing times depend on rs, each shell acquires
a different spatial curvature, which dominates the overall expansion rate, de-
spite the factor 1− β, making the inner shells expand faster. Eventually, when
all shells have exited their screening radii, the expansion rate becomes asymp-
totically homogeneous, although an inhomogeneous density profile remains
(see Figure 2).
It is noteworthy that (6) reduces to the Newtonian limit of a relativistic Lemaıˆtre model
[6]. These models are described by the spherically symmetric line element [7]
ds2 = −eA(t,r)dt2 + eB(t,r)dr2 + R2(t, r)dΩ2 (8)
with A, B the gravitational potentials and the radial function and coordinate identi-
fied to the Eulerian and Lagrangian coordinates defined above. Einstein’s equations
read
M˙tot = −4piR2R˙ptot(r, t), M′tot = 4piR2R′ρtot(r, t), (9)
where4
2GMtot = R+ Re
−AR˙2 − Re−BR′2− 1
3
ΛR3. (10)
These equations admit a physical interpretation in terms of the first law of thermody-
namics dM = −pdV and the definition of the total mass. This mass can be split as
Mtot = M + Me with M the gravitational mass and Me the contribution from the elec-
trostatic energy. Since we are assuming pressure-less matter, we have
Me = −4pi
∫
dtpeR
2R˙ , (11)
4We include a cosmological constant here. Its inclusion in the Newtonian analysis is
straightforward.
6100 101 102 103 104 105 106 107
2
4
6
8
10
t
R
i/
R
1
100 101 102 103 104 105 106 107
0.6
0.8
1.0
1.2
1.4
t
H
i/
H
1
Figure 2. In this plot we show the evolution of the radii of the shells (left) and their Hubble expansion
rates (right) normalized to their values for the innermost shell. We have used a Born-Infeld model with
β = 200, rs = 500
√
M and an initial profile 4piGρ⋆/3 = 1. We can clearly see how, as the shells
start exiting their screening radii, the expansion of the outer shells slows down compared to the one of
the inner shells. Similarly the Hubble expansion rate decreases for the larger shells. This suggests how
local measurements of the Hubble constant would result in larger values as compared to the cosmological
values. Eventually, all the shells exit their screening radii and the expansion rate becomes homogeneous
again. See [5] for a more detailed discussion, including the effect of adding uncharged baryons.
that clearly identifies Me with the electrostatic work.
From (10), using the conservation equations and assuming small pressure gradients we
can obtain the following equation:
R˙2
R2
=
2GMtotal
R3
+
1
3
Λ + 2
E(r)− V
R2
(12)
with
V =
∫
p′
ρ + p
R˙
R′
dt . (13)
The resemblance of this equation with (6) is more than suggestive and, in fact, upon the
identification
V
R2
=
U(a)
a2
⇒ p
′
e
ρ + p
=
4piβGρ⋆rR
′
3a2(r, t)
F(a/as) (14)
we recognize that they both describe the same cosmology. Furthermore, this makes
apparent how the electric interaction generates a pressure gradient above the screening
scale where F 6= 0.
One of the pressing questions in cosmology is the increasingly significant tension in
the Hubble constant determination as measured from local objects [8] compared to the
value inferred from CMB data [9]. Our scenario provides an appealing mechanism to
reconcile both values as the local measurements would be probing the Hubble parame-
ter of the innermost shells, while the inferred value from CMB data would provide the
value of the outermost (cosmological) shells. As we have seen, the inner shells experi-
ence an expansion with a higher value of H due to the additional repulsion mediated
by the dark electric force. Physically, the mechanism can be understood in terms of the
7electrostatic pressure exerted by the inner shells on the outer shells that strengthens the
local expansion rate as compared to the cosmological one.
Crucially, the additional interaction only acts in the late time universe when the screen-
ing radius is smaller than the Hubble horizon. This prevents any impact on the cos-
mological evolution at high redshift and only the low redshift evolution is affected. An
interesting observable consequence of this scenario is the correction due to the dark
force to the velocity field of the matter distribution that will not only be determined
by the infall into the gravitational wells, but also contains an extra component in the
peculiar velocity caused by the dark electrostatic interaction. Hence, in a region of the
Universe whose matter distribution is known and if one can reconstruct the velocity
field by independent means, one could test the presence of the additional interaction
by simply looking for the presence of an anomalous peculiar velocity. This effect could
have an important impact in the determination of the velocities as, if not properly taken
into account, the electrostatic repulsion5would lead to a biased value for the velocities.
Interestingly, there have been claims on the existence of a large scale dark flow that
does not seem to be attributable to the matter distribution within the ΛCDM model
[10, 11]. In our case, the additional electrostatic repulsion can boost the host clusters
and therefore would account for the apparently anomalous flow. Because of the re-
pulsive electrostatic force, one would also expect a clear signature in the abundance of
satellite galaxies as well as modified density profiles and distributions for voids. These
effects however would necessitate to resort to proper N-body simulations in order to
make definite predictions.
Summarizing, the presence of a dark non-linear electromagnetic interaction could alle-
viate some of the tensions of the standard cosmological scenario as well as providing
distinctive signatures in the matter distribution and the velocity field that can be tested
with future surveys.
REFERENCES
[1] M. Born and L. Infeld, Foundations of the new field theory,
Proc. Roy. Soc. Lond. A A144 (1934) 425–451.
[2] E. Fradkin and A. Tseytlin, Non-linear electrodynamics from quantized strings,
Physics Letters B 163 (1985) 123 – 130.
[3] E. Harrison, Cosmology without general relativity, Annals of Physics 35 (1965) 437 – 446.
[4] G. F. R. Ellis and G. W. Gibbons, Discrete Newtonian Cosmology,
Class. Quant. Grav. 31 (2014) 025003, [1308.1852].
[5] J. Beltra´n Jime´nez, D. Bettoni and P. Brax, Charged Dark Matter and the H0 tension,
2004.13677.
[6] G. Lemaitre, The expanding universe, Annales Soc.Sci.Bruxelles A53 (1933) 51–85.
[7] K. Bolejko, M.-N. Celerier and A. Krasinski, Inhomogeneous cosmological models: Exact
solutions and their applications, Class. Quant. Grav. 28 (2011) 164002, [1102.1449].
5Since the magnetic force is O(v2) and the typical velocities are small, magnetic forces give
sub-leading corrections.
8[8] A. G. Riess, S. Casertano, W. Yuan, L. M. Macri and D. Scolnic, Large Magellanic Cloud
Cepheid Standards Provide a 1% Foundation for the Determination of the Hubble Constant and
Stronger Evidence for Physics beyond ΛCDM, Astrophys. J. 876 (2019) 85, [1903.07603].
[9] PLANCK collaboration, N. Aghanim et al., Planck 2018 results. VI. Cosmological parameters,
1807.06209.
[10] A. Kashlinsky, F. Atrio-Barandela, D. Kocevski and H. Ebeling, A measurement of large-scale
peculiar velocities of clusters of galaxies: results and cosmological implications,
Astrophys. J. 686 (2009) L49–L52, [0809.3734].
[11] F. Atrio-Barandela, A. Kashlinsky, H. Ebeling, D. J. Fixsen and D. Kocevski, Probing the
Dark Flow Signal in Wmap 9 -year and Planck Cosmic Microwave Background Maps,
Astrophys. J. 810 (2015) 143, [1411.4180].
10 20 50 100
0.01
0.02
0 
t
H
i
